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(6, ABSTRACT ---'I 
T h e  Sola,r Energy  System Economic Evaluation - Final  Report has  been developed by 
tha George C. Marshall Space Flight Center as a par t  of the Solar Heating and 
Cooling Developm6nt P r o g r a m  funded by the Department of Energy. 
T h e  economic analysis of the solar energy sys tem that was installed a t  Togus, 
,' Maine Operational Test  Site (OTS), i s  developed for Togus and four other si tes 
typical of a wide range of environmental and economic conditions in the continental 
United States. This analysis  i s  accomplished based on the technical and economic 
models in the f-Chart design procedure with inputs taken on the character is t ics  of 
the installed sys tem and local conditions. The resu l t s  a r e  expressed in t e r m s  of 
the economic parameters  of present  worth of sys tem cost  over a projected Wenty 
y e a r  life, l ife cycle savings, year of positive savings and year  of payback for the 
optimized solar  energy sys tem a t  each of the analysis sites. The sensitivity of 
the  economic evaluation to uncertainties in constituent sys tem and ecolzoni!,r var i -  
ables is  a l so  investigated. The resul ts  demonstrate that the so lar  energy system 
is econornical~y viable a t  a l l  of the five sites for which the analysis was conducted, 
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The So la r  Energy System Economic Evaluat ion - F'"a1 Report has been 
developed by t h e  George C. Marshall Space F l i g h t  Center as a  p a r t  o f  
the  So la r  Heating and Cool 'ng Developlnent Program funded by the  
Department of Energy, The analys is  contained i n  t h i s  document de- 
scr ibes  the economic performance o f  an Operat ional Test S i t e  (OTS). 
1 The o b j e c t i v e  of the ana lys is  i s  t o  r e p o r t  the  long-term economic per-, 
I 
, formance o f  t h e  system a t  i t s  i n s t a l l a t i o n  s i t e  and t o  ex t rapo la te  t o  
four add i t i ona l  l oca t i ons  whlch have been selected t o  demonstrate the 
v i a b i l i t y  of t h e  design over s broad range o f  environmental and economic 
I condi t ions.  
The contents o f  t h i s  document are d iv ided i n t o  the f o l l o w i n g  top ics :  
a System Descr ipt ion 
a Study Approach 
a Econoniic Analys is  and System Optirn'F; za t ion  
e Results o f  Analysis:  Technical and Economic 
e Econoniic Uncertasinty Analysis 
a Summary and Conclusions 
The data used f o r  the econolnic ana lys is  have been generated through eva l -  
u a t i o n  o f  t he  Operat ional Test S i t e  described i n  t h i s  document. The data 
t h a t  have been co l  l ected, processed, and maintained under the  OTS Dgvel op- 
ment Program prov ide  t h e  resource from which inputs  t o  the  s imu la t ion  
programs used t o  perform technical  and economic ana lys is  a re  extracted. 
The F ina l  Report document, i n  conjunct ion w i t h  the Seasonal Report f o r  
each Operat ional Test S i t e  i n  the  Development Program, culminates the 
techn ica l  a c t i v i t i e s  which began w i t h  s i t e  se lec t i on  and inst rumentat ion 
system design i n  A p r i l ,  1976. The Seasonal Report emphasizes the  techn ica l  
ana lys i s  o f  s o l a r  systems perforniance. It compares ac tua l  performance 
w i t h  p red ic ted  perforniance der ived through s imu la t ion  methods where 
actual  weather and loads def ined the  inputs.  The s imu la t ion  used f o r  
f i n a l  r e p o r t  ana lys is  i s  based on the  technical  r 'esul ts  o f  the  seasonal 
r e p o r t  s imulat ion,  w i t h  the  except ion t h a t  long-term weather, and der ived 
loads a re  used as inputs  ins tead o f  measured weather and loads, This  
causes the expected value ~f s o l a r  system performance i n  t h e  Seasonal 
and F ina l  Reports t o  d i f f e ~ .  10 add i t ion ,  l o c a l i z e d  and standard eco- 
nomlc parameters a re  used f o r  economic ana lys is  i n  t he  f i t l a1  r e p o r t  
evaluat ion. The d e t a i l s  o f  t he  s imu la t ion  program a re  described i n  
Reference [I] .* Other documents s p e c i f i c a l l y  r e l a t e d  t o  the  so la r  
energy system analyzed i n  t h i s  r e p o r t  a re  [Z], [3] and [7]. 
*Numbers i n  brackets designate references found i n  Sect ion 8. 
2. SYSTEM DESCRIPTION 
The IBM-System 2 Solar  Energy System i s  loca ted  i n  a s ing le - fam i l y  
dwe l l i ng  a t  the  Veterans Admin is t ra t ion  Center i n  T O ~ U S ,  Maine. The 
system i s  designed t o  preheat approximately 56 percent o f  t he  domestic 
h o t  water. ' S i l i c o n  f l u i d  i s  c i r c u l a t e d  through a 105 square-foot 
L i  bbey-Owens-Ford (L.O. F)  f l a t - p l  a t e  c o l l  ec to r  array,  and a doubt e w a l l  
heat  exchanger, The c o l l  e c t o r  a r ray  faces 15 degrees west o f  due sb * t h y  
a t  an angle o f  45 degrees from the ho r i zon ta l .  Water from the  120- 
g a l l o n  preheat tank i s  c i r c u l a t e d  through the  o ther  s ide  o f  t he  heat 
exchanger. The preheat tank services a standard e l e c t r i c  40-$al lon 
domestic h o t  water ('DHW) heater, which adds the necessary a u x i l i a r y  
energy, F igure 2-1 i s  a schematic o f  the  system. Sensor designat ions 
a r e  i n  accordance w i t h  NBS-IR-76-1137 L41. The measurement symbol 
pref ixes:  W, T, EP, and I represent respect ive ly :  f l ow  ra te ,  tempera- 
tu re ,  e l e c t r i c  power, and i nso la t i on .  Fjgure 2-2 shows two p i c t o r i a l  
views of t h e  i n s t a l l a t i o n .  This system has on ly  one mode o f  operat ion.  
The system turn,? on when the  c o l l e c t o r  o u t l e t  temperature bec40mes approx- 
imate ly  25°F above the  temperature o f  water I n  the bottom o f  the  preheat 
tank, and tu rns  o f f  when t h i s  d i f f e r e n t i a l  temperature f a l l s  below 8 O F .  

Coilector Array During Irtstallation 
DHW Heater and Preheet Tank in Basement 
Figvn 2-2. 181%: System 2 PiCtnr;nl 
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3. STUDY APPROACH 
3.1 In t roduc t i on  
The F i n a l  Report i s  an economic eva lua t ion  o f  the  s o l a r  energy system 
(based on l i f e  cyc le  cos ts  versus energy savings) f o r  f i v e  c i t i e s  which 
are  considered t o  be representa t ive  o f  a broad range o f  environmental 
and ccomonSc cond i t ions  i n  the  Uni ted States. L i f e  cyc le  costs prov ide 
a measure of t h e  t o t a l  costs of owning and operat ing a system over the 
l i f e  of the system r a t h e r  than focusing s o l e l y  on the  in4 t i a l  cos t  o f  the  
system. The l i f e  cyc le  costs used i n  t h i s  eva lua t ion  consider hardware, 
i n s t a l  l a t i o n ,  maintenance, and operat ing costs f o r  t he  solar-unique 
components o f  t he  t o t a l  system. Energy savings r e s u l t  from replacement 
o f  convent ional forn~s o f  energy by s o l a r  energy a f t e r  %ha costs O P  pro- 
d u c i ~ l g  the s o l a r  energy a m  2~ductecl. The t o t a l  system operates i n  a 
scenar io t h a t  comprises 1 ong-term average environmental cond i t ions  , 
ioads, fue l  costs  and o the r  aconolnic factnrs that are  app l i cab i s  i n  
each o f  f i v e  c i t i e s ,  
The f i v e  c i t i e s  inc lude faur standard analys is  s i t e s  whish were selected 
according t o  the  c r i t e r i a  l i s t e d  below and the s i t e  where the  system 
was, i n  fact ,  i n s t a l l e d  and operated. The se lec t i on  c r 4 ' t e r i a  were based 
on: 
e A v a i l a b i l i t y  of long-term weather data 
o Heating degree days ( load r e l a t e d  f a c t o r )  
0 Cold water supply temperature ( load r e l a t e d  f a c t o r )  
e Solar  i n s o l a t i o n  
m U t i l i t y r a t e s  
0 Market p o t e n t i a l  
Type o f  s o l a r  system 
To achieve the  range o f  environmental and economic parameters desired, 
t he  f o u r  l oca t i ons  l i s t e d  below, p lus the actual  i n s t a l l a t i c n  loca t ion ,  
were used. A s o l a r  energy system buyer may evaluate h i s  own l o c a l  
environmental and economic cond i t ions  r e l a t i v e  t o  those considered i n  
t h i s  F ina l  Report by comparing the  i n s o l  a t i o n  a v a i l  able, the  heat ing 
l oad  (app't;lcable o n l y  t o  space heat ing systems), and the  u t S l  i t y  r a t e s  
aga ins t  the  r e s u l t s  repor ted i n  Sect ion 5.  
A1 buqucrque , New Mexl co 
1828 ~ t u / F t ~ / d a ~  average i n s o l  n t i on*  
Medium heat ing load (4292 HDR) 
High u t i l i t y  ra tes  ( ~ 0 . 0 5  $/kwh)** 
F o r t  Worth, Texas 
1475 ~ t u / F t ~ / d a ~  average i nso la t i on*  
L i g h t  heat ing 1 oad (2302 HDD) 
Medium u t i l i t y  ra tes  (0.04-0.06 $/kwh)** 
Madison, Wisconsin 
11 91 ~ t u / ~ t ~ / d a ~  average inso la t i on*  
High heat ing load (7730 HDD) 
Medium ut!? i ty rates (0,04-Q,O6 $!kwh)** 
Washington, DC 
1208 ~ t u / ~ t ~ / d a y  average i nsol  a t ion*  
Medium heat ing load (5010 HDD) 
High u t i l i t y  ra tes  (>0,06 $/kwh)** 
Act l la l  S i  tcl (Toq~rs , Maine) 
1220 ~ t u l ~ t ' / d a ~  average w i n t e r  i n s o l  a t ion*  
High heat ing load (7946 HDD) 
Medium u t i l  it.^ ra tes  (0.04-0.06 $/kwh)** 
The parameters t h a t  de f i ne  the system design were der ived from the  ac tua l  
opera t ing  cond i t ions  o f  the  system a t  the i n s t a l l a t i o n  s i t e .  Solar  energy 
system design may be economically opt imized f o r  the  s i t e  a t  which the  
* I n s o l a t i o n  values are average d a i l y  long-term values on a ho r i zon ta l  
surface. 
**Uti 1 i ty  ra tes  a re  e f f e c t i v e  y e a r l y  average values based on 1OOO kt& me 
f o r  schedules i n  e f f e c t  fo r  January 1980. See Appendix D. 
system i s  i n s t a l l e d .  The fundamental 4bj;ctive i n  op t im iz ing  the  design 
o f  a so la r  energy system on an economic basis  i s  t o  minimize cos t  by 
a1 1 o c a t i  ng the  requ l  red  amount o f  energy between tha  s o l a r  and conven- 
t i o n a l  po r t l ons  o f  the  system. To a t t a i n  t h i s  ob jec t ive ,  each untt  o f  
energy should be produced by the p o ~ t l o n  o f  the  t o t a l  system which 
generates t h e  lowest incremental c o s t  i n  producing t h a t  addi t i o n a l  u n i t  
u f m r r g y ,  This  s accomplished i n  the  f f n a l  r e p o r t  ana lys is  by d e t e m i n -  
i n y  the opt imal so la r  energy system s i z e  ( c o l l e c t o r  area o r  equivalent*  
Iy, s o l a r  f rac t i on ) .  
I n  t h e  Operat ional Test S i t e  (0T$) Development Program there  a re  many 
s o l a r  energy systems designed by many d i f f e ren t  ccn t rac tors .  Some o f  
t he  designs were i n s t a l l e d  i n  new bu i l d ings  and some were r e t r o f l t t e d  t o  
e x i s t i n g  bu i ld ings .  Consequently, there are  a v a r i e t y  o f  f a c t o r s  which 
cor i t r ibu ted  t o  the  design o f  a system a t  a given s i t e ,  In some cases 
t h e  ob jec t f ve  o f  op t im iz ing  the  design according t o  the  prev ious ly  
s t a t e d  c r i t e r i o n  could no t  be met. A method o f  eva lua t ion  which estab- 
l i s h e s  a common basis f o r  evaluat ion o f  a l l  these systems was requi red.  
The method selected i s  t o  op t im l te  the c o l l e c t o r  s i z e  through the  
f -Char t  [I] destgn procedure. F-Chart i s  a design program developed 
by t h e  U n i v e r s i t y  o f  Hisconsin f o r  s o l a r  heat ing and/or domestic h o t  
water systenis, The program uses a s e t  of design char ts  (developed 
t)y d e t a i l e d  simulat$ons) which est imate the  thermal performance o f  
a s o l a r  system based on c o l l e c t o r  cha rac te r i s t i cs ,  storage, energy 
demands, and reg iona l  1 ong-term weather data. Using the resu l  t s  
o f  thermal analys is ,  an i t e r a t i v e  procedure i s  implemented t o  s e l e c t  a 
c o l l e c t o r  area which minimizes the l i f e  cyc le  costs, Once the  opt imal 
c o l  1 ec to r  s f ze  has been determfned, t h e  r e s u l t i n g  thermal and economic 
performance can be obtained, 
The r e s o l u t i o n  o f  two i n t e r - r e l h t e d  problems was requ i red  i n  order  t o  
I adapt f-Chart t o  the eva lua t ion  developed i n  the  F ina l  Report. The 
f j r s t  was how t o  use the  data and experience gained from t h k  ac tua l  
operat fon o f  t he  s o l a r  energy systen~; the  second was what procedure t o  
f o l l o w  i n  view o f  the f a c t  t h a t  a l l  s o l a r  energy systems t o  be analyzed 
do n o t  have opt imal c o l l e c t o r  area s i z ing .  Yo reso lve  the  f i r s t  problem, 
the  cha rac te r i s t i cs  o f  design and operat ion of the  ex1 s t i n g  s o l a r  energy 
system were used t o  develop the i n p u t  parameters f o r  f-Chart.  This 
procedure, d e t a i l e d  i n  Appendix A, invo lved the  normal i z a t i o n  o f  c o l  l e c -  
t o r  f l ow  ra tes  and storage capac i ty  t o  c o l l e c t o r  area. Co l l ec to r  charac- 
t e r i s t i c s  developed from f i e l d  data through a c o l l  e c t o r  ana lys is  program 
were subs t i t u ted  f o r  t h e  t h e o r e t i c a l  s ing1 e panel parameters furn ished 
by the c o l l e c t o r  manufacturer. To reso lve  the  problem o f  d i f f e r e n t  
c o l l e c t o r  areas, an opt imal c o l l e c t o r  area was der ived f o r  t h e  s i t e .  
The f i n a l  adapt ion o f  f-Chart includes the  inputs  der ived f;-oni opera- 
t i o n a l  data and opt imal c o l l e c t o r  area. 
As the  system a p p l i c a t i o n  a t  each of the f i v e  ana lys is  s i t e s  i s  studied, 
t he  1mds are  i t e r a t i  ve l  y redef ined, the  s i t e  pecul i a r  paimeters are  
changed as described i n  Appendix A, and a new opt imal c o l l e c t o r  area i s  
computed. The economic fac to rs  are the r e s u l t  o f  t he  f -Chart  ana lys is  
w i t h  these inputs. 
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3.2 Groundrul es and Assumptions 
The cost  d i f f e r e n t l a l  between so lar  and the conventional system I s  
significant t o  the economic evaluation i n  the Final Report. Cost Items 
whlch were equal f o r  both a l ternat ives do not  cont r ibute  to the d l f fe ren t ia l  
cost, The cost  o f  the conventional system was assumed t o  be l den t l ca l  
w i t h  o r  w i thout  the solar  a l ternat ive.  Although a conventional system 
I s  usual ly  selected according t o  the a v a i l a b i l i t y  and cost  o f  energy i n  
a pa r t i cu l a r  geographic region, t h i s  a l te rna t i ve  i s  not  permitted i n  the 
f i n a l  repor t  analysis because an ex is t ing  system I s  being evaluated. 
Savings which mlght be rea l lzed by comparing so lar  against an auxiliary 
other than the design opt ion were not  evaluated. The system configura- 
t ion,  inc lud ing the conventional aux i l i a ry ,  i s  the same f o r  a l l  f i v e  
analysfs s i tes .  
The cost of the so lar  unique hardware i s  based on mass production es,,=- 
mates. The t o t a l  incremental costs f o r  acqu is i t ion o f  a so lar  a1 terna- 
t i v e  are tha sum of a cost proport ional t o  co l l ec to r  area and a cost 
independent of co l lec to r  area. For economic evaluation, 1 i f e  cyc le  
costs (i.e., costs o f  acquiring, operating and maintaining the so lar  
systems) were forecast  on an annual basis over the design l i f e t i m e  of 
the system, then discounted t o  an equivalent, s ing le  constant d o l l a r  
(1980) value as described i n  Section 4. 
Fuel costs are  calculated a t  current  (1980) loca l  values f o r  each o f  the 
f i v e  analysis s i tes.  Other economic parameters are standardized by 
referencing current  nat ional  economic conditions. Maintenance, insur-  
ance, depreciation, system l i f e ,  salvage values ( f o r  comnercial systems) 
a re  determined from best experience. Tax c red i t s  allowed by the Federal 
Government f o r  the so lar  energy systems are credi ted against the acqui- 
s l  t l o n  cost. A combined s ta te  and federal income tax r a t e  of 30 percent 
1 I s  assumed f o r  est imating tax  savings resu l t i ng  from the I n te res t  paid 
i n  financing a so lar  system. Property taxes a r i s i ng  from the Increased 
value o f  property w i t h  an i n s t a l l e d  so lar  system are neglected due t o  
the cu r ren t  t rend i n  many s ta tes  t o  forego these taxes t o  prevent them 
from being a hindrance t o  s o l a r  energy usage, 
The pr imary measure of  cos t  effect iveness of the s o l a r  energy system 
i n  the F ina l  Report i s :  
0 L i f e  Cycle Cumulative Savings (LCCS) - The present  value of 
t he  cumulat ive energy savings ( i n  d o l l a r s )  t h a t  r e s u l t  from 
operat ion o f  the  s o l a r  system a l t e r n a t i v e  ins tead o f  the 
convent ional backup. 
Two secondary measures t h a t  depend on the  1 i f e  cyc le  cun~u la t i ve  savings are: 
a Year o f  P o s i t i v e  Savings - Year i n  which s o l a r  system f i r s t  
becomes p r o f i t a b l e ;  i .e. ,  the  annual convent ional f u e l  b i l l  
w i thout  s o l a r  exceeds the sum o f  the  annual f u e l  b i l l  w i t h  
so la r  and the  annual cost  For t he  so la r  system. 
a Year of Payback - Year i n  which the  compounded n e t  savings 
equals the  i n i t i a l  cos t  f o r  t he  so la r  system. Net savings 
were computed w i t h  respect t o  t he  fue l  cos t  a f  t h e  conven- 
t i o n a l  system. 
4. ECONOMIC ANALYSIS 
4.1 Factors i n  L i f e  Cycle Costs and S a v i n q ~  
The economic ca l cu la t i ons  o f  t h i s  study are  performed i n  the  f-Chart 
program and a r e  based on comparisons vf 1 : f s  cyc le  costs o f  convent ional 
energy systems w i th  those of s o l a r  ercv:' systems. The l i f e  c y c l e  sav- 
ings o f  a s o l a r  energy system over a conventional energy system can be 
expressed as t h e  d i f fe rence between the t o t a l  f u e l  savings t h a t  r e s u l t  
from operat ion o f  the  s o l a r  energy system and the  increased cos ts  t h a t  
r e s u l t  from t h e  investment i n ,  the  operat ion of, and the  maintenance o f  the  
s o l a r  energy system. The savings can be expressed by the  r e l a t i o n s h i p :  
LCCS = PI (CF/n)LF - P2 (cAA f CE) (1) 
where LCCS = L i f e  cyc le  cos t  savings o f  the s o l a r  
energy system ($ )  i n  terms o f  present worth 
P I  = Factor r e l a t i n g  l i f e  cyc le  f u e l  cos t  savings 
t o  f i r s t  year f ue l  cost  savings 
CF/q  = Fuel cos t  per u n i t  d iv ided by convent ional 
heat ing u n i t  e f f i c i ency  
L = Tota l  load on system computed from long- 
t e r n  average condi t ions (Btu) 
F = Solar f r a c t i o n  
P2 = Factor r e l a t i n g  l i f e  cyc le  investment 
operat ion and maintenance expenditures 
t o  the i n i t i a l  investment 
CA = So'iar energy system costs dependent 
on the  c o l l e c t o r  area ($/Ft2)  
A = Co l l ec to r  area ( ~ t ~ )  
CE = Solar  energy system costs t h a t  a re  independent 
o f  c o l l e c t o r  area. ( 9 )  
It I s  assumed t h a t  t he  costs o f  components which a r e  common t o  both 
convent ional and s o l a r  heat ing systems (e.g. t h e  furnace, ductwork, 
blowers, thermostat, e tc .  ) , and the  maintenance cos ts  o f  t h i s  equipment, were 
I d e n t i c a l .  Consequently, a1 1  references t o  s o l a r  energy system costs 
r e f e r  t o  t he  cos t  increment above the  comnon costs. 
4 
The mu1 t l p l y i n g  fac tors ,  PI and Pp, f a c i l i t a t e  t h e  use o f  1 i f e  cyc le  
c o s t  methods i n  a  compact form. Any cos t  which i s  p ropo r t i ona l  t o  e i t h e r  
t he  f i r s t  yea r  f u e l  c o s t  o r  t he  i n i t i a l  investment can be included. These 
factors a l l ow  For v a r i a t i o n  o f  annual expenses w i t h  i n f l a t i o n  and they  
r e f l e c t  the  t ime  value* o f  money by d iscount ing fu tu re  expenses t o  present  
do1 l a r  values. 
To i l l u s t r a t e  the  eva lua t lon  o f  PI and P, , consider  a  simple economic 
L 
s i t u a t i o n  I n  which the  on ly  s i g n i f i c a n t  costs a r e  f u e l  atid system equip- 
merit costs. The f u e l  c o s t  i s  assumed t o  escaiate a t  a  constant  annual 
ra te ,  and t h e  owner pays cash f o r  t he  system. Here, PI accounts f o r  f u e l  
escalation and the  d iscount ing o f  f u t u r e  payments. The f a c t o r  P2 accounts 
f o r  investment r e l a t e d  expenses which, i n  t h i s  case, cons i s t  on ly  o f  t he  
investment which I s  a l ready expressed i n  cu r ren t  do l l a rs .  The f a c t o r s  P1 
and Pp a re  then 
PI = PWF(N, e, d) 
P2 = 1  
where N = Per iod o f  economic analys is  ( y r s )  
e  = Esca la t ion  r a t e  o f  f u e l  p r i c e  
d  = Annual d iscount  r a t e  
*Discounting r e f e r s  t o  the  f a c t  t h a t  an expense t h a t  i s  a n t i c i p a t e d  t o  be 
$1000 i n  10 years i s  equ iva len t  t o  an investment today o f  $463 a t  a  discount 
r a t e  o f  8%. 
The func t i on  PWF(N, e ,  d) i s  t he  present worth f a c t o r  t h a t  accounts f o r  
i n f l a t i n g  payments i n  discounted money, 
When m u l t i p l i e d  by a f i r s t  pe r iod  cos t  (which i s  i n f l a t e d  a t  a r a t e ,  e, and 
discounted a t  a ra te ,  d,  over N years) ,  the  r e s u l t j n g  value i s  t h e  present 
wor th  l i f e  cyc le  cost .  
I n  the  more complex analys is  the  expenditures i ncu r red  by the  add i t i ona l  
c a p i t a l  investment cause P, and P:, t o  take the  f o l l o w i n g  form: 
where P2, = Factor represent ing the down payment 
PZ2 = Factor represent ing the  l i f e  cyc le  cost  
o f  the mortgage p r i n c i p a l  and i n t e r e s t  
P23 = Factor represent ing incon~e tax  deductions 
fo r  i n t e r e s t  payment 
P24 = Factor represent ing miscellaneous costs 
(maintenance, insurance, e t c )  
P25 = Factor pepresenting ne t  proper ty  t a x  costs 
PZ6 = Factor represent ing s t r a i g h t  l i n e  depreciat ion 
tax  deduction f o r  conimercial i n s t a l l a t i o n s  
'27 = Factor represent ing salvage (commercial i n s t a l  1 a t  i o n )  
o r  resa le  value ( r e s i d e n t i a l  i n s t a l l a t i o n ) .  
The f a c t o r s  PZ1 through Pp7 a re  de f i ned  as f o l l o w s :  
where D = A J t i o  o f  down payment t o  t h e  i n i t i a l  investment 
N  = Per iod  o f  ana l ys i s  (Note t h a t  t he  p e r i o d  o f  ana lys is ,  
the  te rm o f  t h e  loan, t h e  dep rec ia t i on  l i f e t i m e ,  and 
the  years  over  which t h e  dep rec ia t i on  deduct ions con- 
t r i b u t e  t o  t h e  ana l ys i s  a r e  a r b i t r a r i l y  s e t  equal i n  
t h i s  r e p o r t ) .  
d  = Discount  r a t e  ( a f t e r  t a x  r e t u r n  on t h e  bes t  
a1 t e r n a t i v e  investment)  
i = Annual mortgage i n t e r e s t  r a t e  
f = E f f e c t i v e  income t a x  r a t e  
C = Commercial o r  non-commercial f l a g  (1  o r  0 
r e s p e c t i v e l y )  
M = Ra t i o  o f  f i r s t  yea r  n~ i sce l l aneous  cos t s  t o  
i n i  t i a l  investment 
g = General i n f l a t i o n  r a t e  
t = Proper ty  t a x  r a t e  based on assessed va lue  
V = Ra t i o  o f  assessed va lue  i n  f i r s t  yea r  t o  i n i t i a l  
investment 
G = Ra t i o  of  salvage c r  r e s a l e  va lue  t o  i n i t i a l  
investment 
Fo r  a  g lven  l o c a t i o n ,  hea t ing  load, and economic s i t u a t i o n ,  i t  i s  p o s s i b l e  
t o  op t im ize  t h e  system design va r i ab les  t o  y i e l d  t h e  maximunl l i f e  c y c l e  
savings. The main s o l a r  energy system des ign v a r i 9 b l e  i s  t h e  c o l l e c t o r  
area. The e f f e c t  o f  c o l l e c t o r  area on t h e  l i f e  c y c l e  savings i s  i l l u s -  
t r a t e d  i n  f i g u r e  4-9  For t h e  f o u r  se ts  of  economic cond i t i ons ,  Curve A 
corresponds t o  an economic scenar io  i n  which s o l a r  energy cannot compete 
w i t h  the convent ional  system. Curve B e x h i b i t s  a  non-zero optinium area, 
b u t  the  convent ional  system i s  s t i l l  t he  most economical. Curve C 
corresponds t o  t h e  c r i  L i c a l  c o n d i t i o n  where s o l a r  energy can j u s t  compete 
w i t h  the  convent ional  system. Curve D corresponds t o  an economic scenar io  
i n  which t h e  s o l a r  energy system i s  t h e  nlost economical. 
Each curve o f  F igure  4-1 begins w i t h  a  nega t i ve  savings f o r  zero c o l l e c -  
t o r  area. The magnitude of t h i s  l o s s  i s  CE, and r e f l e c t s  t h e  presence 
o f  s o l a r  energy system f i xed  cos ts  i n  t h e  absence o f  any f u e l  savings. 
I 
I As t he  c o l l e c t o r  area increases Curves R, C, and D shaw increased sav- 
i n g s  u n t i l  reach ing  a maximum a t  some optimum c o l l e c t o r  area. As t he  
c o l l e c t o r  area i s  f u r t h e r  increased, t h e  f u e l  savings con t inue  t o  increase, 
b u t  the  excess ive system c o s t  fo rces  t h e  1 i f e  c y c l e  savings o f  t h e  sys- 
- tem t o  decrease. The c o l l e c t o r  areas a t  each o f  t h e  f i v e  a n a l y s i s  s i t e s  
i 1 i s t e d  i n  t h i s  r e p o r t  have been op t im ized  by t h e  f -Cha r t  program a n a l y s i s  
technique f o r  t h e  long- term average weather cond i t i ons  and t h e  economic 
cond i t i ons  a t  t h a t  s i t e .  
COLLECTOR AREA 
F igure  4-1 L i f e  Cycle Savings versus Coi i e c t o r  Area 
f o r  Four Sets o f  Economic Condi t ions 
4.2 Federal  Tax C r e d i t s  f o r  So la r  Energy Systems 
The Federal Government has pj1ovi ded t a x  i n c e n t i v e s  t h a t  a r e  appl  1 cab1 e  
t o  s o l a r  energy systems," Th i s  c r e d i t  i s  30 percen t  o f  t h e  f i r s t  $2000 
p l u s  20% o f  t he  n e x t  $8000 sptlnt on s o l a r  equipment, o r  a  maximum c r e d i t  
o f  $2200. The c r e d i t  i s  a p p l i e d  i n  t h i s  ana l ys i s  by reduc ing  bo th  t he  
c o l l e c t o r  area dependent c o s t  and t h e  c o s t  independent o f  t h e  c o l l e c t o r  
area, o r  cons tan t  s o l a r  cos t ,  by an e f f e c t i v e  c r e d i t  f a c t o r  based on t he  
t o t a l  c o s t  o f  t he  system. 
As an example o f  t h e  t ax  c r e d i t  computation, assume t h e  c o l l e c t o r  area 
dependent c o s t  i s  $30 / f t 2  based on 100 ft2 and t h e  cons tan t  s o l a r  c o s t  
i s  $900 f o r  a  t o t a l  p r i c e  o f  $3980, The e f f e c t i v e  c r e d i t  f a c t o r  i s :  
Therefore t h e  ad jus ted  cos ts  used as f-Chart  i npu t s  are:  
C o l l  c c t a r  area dependmt cos t  
--
C A t  = $30 x (1 - 0.2) $ 2 4 / f t  2 
Constant s o l a r  cos t  
- 
C,, = $900 x (I - 0.2) $720 
The f -Char t  econonomic a n a l y s i s  i s  modif ied by us ing  these ad jus ted  
cos t s  t o  r e f l e c t  t a x  c r e d i t  e f f e c t s .  I n c l u d i n g  t a x  c r e d i t  i n  area 
o p t i m i z a t i o n  i s  an i t e r a t i v e  process s i nce  t h e  c r e d i t  Ss a f f e c t e d  by t h e  
system s i z e  and v i c e  versa. Optimal c o l l e c t o r  area was mod i f i ed  i n  t h i s  
ana lys is ,  as were t h e  f -Char t  econornic parameters, by use of t h e  t a x  
c r e d i t .  I tems 23 and 24 i n  Table 5.1-2 r e f l e c t  t h e  s o l a r  cos ts  be fo re  
a p p l i c a t i o n  of  t a x  c r e d i t s  i n  terms of c o l l e c t o r  area dependent c o s t  and 
constant  s o l a r  cost .  I n i t i a l  system cos ts  be fo re  and a f t e r  t a x  c r e d i t  
i n c l u s i o n  a r e  shown i n  Table 5.2-1 f o r  each s i t e  based on opt imal  c o l -  
l e c t o r  area. 
* The t ax  c r e d i t  has been rev i sed  a f t e r  1979 t o  40 percen t  o f  t h e  f i r s t  
$10,1000 f o r  a  rnaxiniurn c r e d i t  of  $4,000. The new e f f e c t i v e  c r e d i t  f a c t o r  
as given i n  t h e  example above i s  0.4 f o r  systems cr , tn ing l e s s  than $10,000 
and the r a t i o  of  t he  maximum c r e d i t  t o  t h e  t o t a l  SS. ,tern c o s t  f o r  systems 
c o s t i n g  more than $:0,000. 
5 .  RESULTS OF ANALYSIS 
5.1 Technical Results 
For each of the f ive analysls s i  tos an optimal solar  system based on the 
~ o n ~ i g u r a t i o n  of the actual lnsta'lation was determined by using the f- 
Chart design procedure. The environmental parameters and the loads used 
i n  th i s  procedure for  each o f  the f ive s i t e s  are shown i n  Table 5.1-1. 
In applying the design procedure, a process tha t  i terates  on the col- 
lector area was used. Figures 5.1-l(a)-(e) show the resul ts  of tha t  
design procedure in tarrns of the expected solar fraction versus the 
collector area fo r  each s i t e ,  The expected soltir fraction i s  the ra t io  
of the expected solar energy used toward satisfying the load to the 
total load. The graphs in Figures 5.1-1 (a ) - (e )  show t h a t  as the col lectcr  
area increases, the expected solar fraction oncreases asymptotically. 
However, t h e  economicaS iy  optimal col 1 ector area was scl ected to  maximize 
the economic benefits of the solar energy system, not the expected solar 
fraction. The optimal collector area i s  shown by the dotted l ine  for  
each s i t e .  Increasing the collector area beyond the optimal value 
forces a diminishing return on the investment for  the system. The 
expected solar fraction for the optimal collector area i s  shown in the 
l a s t  coli~mn in Table 5.1-1. 
The resulting thermal performance, once the cptimal s i ze  system i s  se- 
lected, i s  shown in the graphs of Figures 5.1-2Ca)-(e) for  each analysis 
s i t e .  The incident solar enerlgjl was derived from long-term average inso- 
lation a t  the s i t e .  The totdl load was compi~ted based on design parameters 
of the actual system as instal led, modified by environmental conditions 
a t  each s i t e .  The load calculations are detailed in Appendix A .  The 
useful solar  energy i s  the product of t i r ~  system solar fraction and the 
total  load and shows on a month by month basis the portion of the total  
load t h 3 t  i s  expected to  be supplied by solar energy. The shaded por- 
tion between the total  load curve and the curve of useful solar  energy 
must be supplied by conventional energy. 
TABLE 5.1-1 
SUMMARY TABLE 
SOLAR SYSTEM LOAD FACTORS AND ENVIROIJMENTAL PARAMETERS 
? TOTAL ANNUAL LOAD 1 
? (MILLION BTU) L ENliIRONMENTAL PARAPETERS - LWG-TERM 9 1 k i I E x 
$ 1 
HOT INSOLATION HE~TING SUPPLY WATER f EXPECTED SOLAR/ 1 SITE WATER ;BTU/FT~/DAY DEGREE DAYS TEMP (OF) VFRACTIW* i 
1 5 
TOGUS 
I ALBUQUERQUE i 
FORT WORTH 
t j NADISON 
i WASHINGTON 
I 
*For optimal co1 1 ector area 
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NOTE; 1	 Since the backup for the solar system is assumed to be the same type
of system as would conventionally be used without a solar system,
backup fuel costs and conventional` costs per million Btu are equal,
f i ~ r ~  5.1- 1 (8) Olw Fr8ctibn vr Collector Area for Tagus, Maine 
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ULBUCUERQUE, NEW MEXICO 
OPTIMAL COLLECTOR AREA 168 F T ~  
Figure 5.1-7 (b) Solar Fraction vs Collector Area for Albuqtierque, New Mexico 
figur~ 5.7-1 (c) Solar Fraction vs Collector Area for Fort Worth, Texas 
2 4  
MADISON, WISCONSIN 
OPTIMAL COLLECTOR AREA = 147 F T ~  
Figvre 5.1-1 (d) Solar Fraction vs Collector Area for Madison, Wisconsin 
25 
WASHINGTON, D. C. 
OPTIMAL COLLECTOR AREA = 252 F T ~  
f igvr~ 5.1-1 (8) kolw Fraction vs Collector Area for Washington, D. C. 
2 6  
TOGUS, MAINE 
OPTIMAL COLLECTOR AREA .273 FT2 
JAN FEB MAR APR MAb( JUN JUL AUG SEP OCT NOV DEC 
MONTH - 1979 
A p e  S M (a) Thrn?al hrformance of Solar Energy System with Optimized Collector Area for Togur, Maine 
27 
ALBUQUERQUE, NEW MEXICO 
MONTH - 1979 
C 1-2 (b) blwml A r f o m n n  01' Solar Enerpy System Hit11 Optimized Collector Arss fw 
Albuquerqw, Nsw Mexico 
2 8  
FORT WORTH, TEXAS 
MONTH - 1979 
figwe 5 M (cj 738rmal Performance of Solar Energy System kth Optimized Collector Area for 
Fort Worth, Texas 
2 9  
MADISON, WISCONSIN 
OPTIMAL COLLECTOR AREA = 147 F T ~  
JAN FEE MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
MONTH - 1979 
fiwe 5.1-2 (d) Ilrumd hrformanm of Solar Energy System m'th Optimized Collsctor Area for 
Akdizon, Msconrin 
3 0  
WASHINGTON, 0. C, 
MONTH - 1979 
figure 5.1-2 (8) 7Bmmal hrformance of Solar Energy System nirn Optimized Collector Area for 
Mshington, 0. C. 
The optimum c o l l e c t o r  f o r  t h e  f i v e  s i t e s  v a r i e d  f rom 147 square f e e t  a t  
Madison t o  273 square f e e t  a t  Togus * The A1 buquerque s i t e  w i t h  168 square 
f e e t  should p rov ide  more use fu l  s o l a r  energy t h rougho~ r t  t h e  yea r  than  t he  
o t h e r  s i t e s .  Due t o  r e l a t i v e l y  low fuel  c o s t  and r e l a t i v e l y  poor i n s o l a t i o n  
a t  Madison, t h e  optimum c o l l e c t o r  area was the  lowes t  o f  t h e  f i v e  s i t e s ,  
Togus, w i t h  h i g h  f u e l  c o s t  and average i n c o l a t i o n ,  cou ld  j u s t i f y  t h e  l a r g e s t  
co l  l e c t o r  area. 
The t echn i ca l  parameters t h a t  descr ibe  t h e  s o l a r  energy system a re  
l i s t e d  i n  Tab le  5,1-2 as Items 1 through 21. These parameters are 
descr ibed  i n  d e t a i l  i n  Appendix A, T h c i r  values a r e  l i s t e d  by  s i t e  
i n  Table 5.1 -3. The remain ing t echn i ca l  parameters a re  assigned vaf ues 
wh ich  are cons tan t  f o r  a l l  s i t e s ,  
The economic parameters f o r  t he  s o l a r  energy systern a r e  l i s t e d  i n  Table 
5.1-2 as I tems 22 through 43, and a re  a l s o  descr ibed i n  Appendix A w i t h  
t h e  source f o r  the assigned va lue  designated. 
The f o l l o w i n g  i tems a r e  a f u n c t i o n  o f  the  ana l ys i s  s i t e ,  
a Col l e c t o r  area 
a C o l l e c t o r  s lope  
a Azimuth angle 
e E f f e c t i v e  b u i l d i n g  UA ( a p p l i c a b l e  t o  s o l a r  space hea t i ng  systems) 
e Water main temperature 
0 Present  c o s t  o f  s o l a r  backup f u e l  
a Present  c o s t  o f  convent ional  f u e l  
These are l i s t e d  by s i t e  i n  Table 5.1-3, 

An essential factor- in maximizing the l i f e  cycle savings of a solar 
energy system, or  conversely, o f  minimizing 1 i f 2  cycle costs i s  the 
economic optimization of the collector area based on equipment and fuel 
I (conventional energy) costs and the capability of the solar  system to 
replace s ignif icant  quantities o f  conventional energy with solar  energy, 
, The replacement capabil i ty  i s  directly dependent on the environmental 
conditions a t  the instal la t ion s i t e ,  i , e .  available solar  energy. 
The graphs of Figures 5,211 (a ) - (e )  show the rclatlonship of the factors 
comprislng l i f e  cycle costs - equipment costs and fuel costs - as a 
functfon of collector area. Both costs are presented i n  terms of present 
value, 1.e. baselined to today's dollars,  I t  can be readily seen that  
as collector area increases, solar equipment costs increase proportion- 
ately. Also, as collector area increases the fuel costs decrease, 
a1 though not as a s t raight  l ine  function. A t  some given collector area, 
the sum of these two costs i s  a minimum, as shown by the l i f e  cycle cost 
(Lcc)  curve, This minimum defines the optimal collector area for  the 
given instal la t ion s t  te .  
The solar equipment costs discussed in the preceding paragraphs include the 
principal and  interest  paid cn dn assumed 13.5 percent, 20 year mortgage, the 
income tax deduction for interest  for  an owner in the 30 percent bracket 
and the insurance and maintenance costs estimated a t  0.5 percent of the 
in i t i a l  costs. The fuel cost i s  that  which i s  required by the conven- 
tional backup system and includes the effects  of the f-Chart solar 
system model . 
The l i f e  cycle costs are not to be confused w i t h  1 i f e  cycle savings. 
L l f e  cycle savings i s  the difference between the l i f e  cycle cost of 
. fuel for  a conventional system and  the l i f e  cycle cost of  owning, 
operating and maintaining a solar energy system. 
A summarly of t h e  cos ts  and savings f o r  t h e  convent ional system and the  
s o l a r  energy system i s  shmn i n  Table 5.2-1 i n  terms o f  today 's  d o l l a r s  
expended over  the  ana lys is  period, It should be r e c a l l e d  t h a t  the  
equipment cos ts  shown do n o t  inc lude t h e  cos t  o f  t he  convent ional system 
s ince t h i s  system must be provided wi th  o r  w i thou t  t h e  s o l a r  energy 
system, The equipment costs inc lude on l y  the  add i t i ona l  hardware t h a t  
must be prov ided f o r  the  s o l a r  energy system. This inc ludes the  
f o l  lowing : 
a Col l e c t o r s  and mounting hardware 
a Pipiblg and duct work ( i nc lud ing  valves and dampers) 
! e Heat exchanger(s) a Storage u n i t ( s )  
e Control  system 
The best est imates o f  equipment costs f o r  s o l a r  energy systems i n d i c a t e  
t h a t  cos ts  f a l l  l n t o  two c a t q o r i e s ;  ( I )  costs dspendent on t o l l r e t o r  
area and, (2) costs independent o f  co l  1  e c t o r  area (constant) , This i s  
t h e  case, e s p e c i a l l y  f o r  r e s i d e n t i a l  systems, because regard1 ess o f  t he  
exact  c o l l e c t o r  area used, c e r t a i n  i telns of equipment must be provided 
and the cos ts  o f  hardware and l abo r  f o r  i n s t a l l  a t i o n  seem t o  be r e l a -  
t i v e l y  constant,  However, t he  cost  o f  c o l l e c t o r s ,  and c e r t a i n  incre-  
mental costs,  are dependent on the  s i z e  o f  the  c o l l e c t o r s  used. These 
cos ts  a re  shown i n  Table 5.2-1 f o r  each o f  the  f i v e  ana lys is  s i t e s  and 
t h e  t o t a l  c o s t  f o r  the  system i s  the  sum of the constant cos t  and the  
area dependent cos t  mu1 t i p l i e d  by the c o l l e c t o r  area. 
1 The i n h i a l  cos t  o f  the  system i n  t h i s  ana lys is  should be adjusted f o r  
t h e  federa l  t ax  c r e d i t  (and any o ther  t ax  c r e d i t  al lowed by the  s t a t e  o r  
l o c a l  governments) by the  methods discussed i n  Sect ion 4.2, These ad- 
j u s t e d  cos ts  are shown i n  parentheses under I 1 I n i t i a l  Cost o f  SystemI1 i n  
Table 5.2-1 and are  used i n  computing the  "Present Worth o f  Tota l  So lar  
! Costs." 
F&o 5.2-1 (8) Optimizetion of Collector Area for Togus, Maine 
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TOGUS, MAINE 
OPTIMAL COLLECTOR AREA 273 F T ~  
COLLECTOR AREA ( ~ r ~ )  
b@ ufib) @tihht i~  of Collector ARa for Albuquerque, New Yx im 
F&m f 31 (c) Opthimtion of Co//wtor Area for Fort Worth, Texas 
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MADISQN, WISCONSIN 
fimro 52-1 (dl Optimization of CoIJector Area for MBdimn, W i m n ~ n  
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Some convent ional  energy must be expended w i t h  o r  w i t h o u t  t h e  s o l a r  
eaergy system because, i n  most cases, t he  s o l a r  energy system w i l l  
rep lace  o n l y  a  p o r t i o n  o f  t h e  t o t a l  energy r e q u i r e d  t o  suppor t  t h e  load,  
Savings a r e  poss ib l e  w i t h  t h e  s o l a r  energy system o n l y  because t he  t o t a l  
c o s t s  w l t h  t h e  s o l a r  energy system a r e  l e s s  than  t h e  cos t s  of convent ional  
energy. Consequently, t he  f u e l  cos ts  over  t h e  a n a l y s i s  p e r i o d  (20 years )  
a r e  shown i n  Table 5.2-1 w i t h  and w i t h o u t  t h e  s o l a r  energy system. 
It i s  assumed I n  t h i s  ana l ys i s  t h a t  t he  s o l a r  energy system would be f inanced 
through a  20 year  l oan  a t  an i n t e r e s t  r a t e  o f  13.5 percent .  P roper ty  
taxes a re  assumed t o  be zero, b u t  t h i s  may n o t  be u n i v e r s a l l y  t rue .  
Insurance on t h e  va lue  of t he  s o l a r  energy system and maintenance cos t s  
a r e  assumed t o  be 0.5 percent  pe r  year  o f  t h e  i n i t i a l  costs .  Since 
i n t e r e s t  p a i d  on a  l o a n  i s  t a x  deduc t ib le  f o r  f ede ra l  taxes, and i n  most 
cases fo r  s t a t e  taxes, a t  d i f f e r e n t  r a t e s  accord ing  t o  t h e  income t a x  
b racke t  o f  t h e  borrower, a  30 percent  combined f e d e r a l - s t a l e  t a x  b racke t  
was assumed. The va lue  of a l l  these costs  based on t h e  assumptions o f  
t h i s  ana l ys i s  i s  shown as t he  "Present Worth o f  Other So la r  Costs" i n  
Table 5.2-1. Combined w i t h  t h e  cos t s  f o r  f u e l  w i t h  t h e  s o l a r  energy system, 
t h e  value i s  t he  "Present Worth o f  To ta l  So la r  Costs." 
S ince on l y  incrementa l  equipment and assoc ia ted  cos t s  a r e  i nc l uded  i n  
t h e  ana lys is ,  t he  p resen t  worth o f  t o t a l  cos ts  f o r  t h e  convent ional  
system w i t h o u t  s o l a r  a r e  s imply  t h e  c o s t  o f  f u e l  w i t h o u t  s o l a r .  Then 
t h e  "Present Worth o f  Cumulative Savings" i s  t h e  d i f f e r e n c e  between t h e  
, "Present Worth o f  T o t a l  Costs Wi thout  So la rn  and t h e  "Present Worth o f  
t h e  To ta l  Costs With So la r " .  These values f o r  each o f  t h e  f i v e  a n a l y s i s  
s i t e s  a re  l j s t e d  i n  Table 5.2-1. 
F i n a l l y ,  two economic performance parameters c a l l  ed "Year o f  P o s i t i v e  
Savings" and t h e  "Year o f  Payback" a re  shown i n  Table 5,2-1. As p r e v i -  
o u s l y  discussed t h e  yea r  o f  p o s i t i v e  savings i s  t h e  yea r  a f t e r  purchase 
i n  which t h e  s o l a r  system f i r s t  becomes p r o f i t a b l e ,  i . e . ,  t h e  annual 
convent lonal  fue l  b i l l  w i t h o u t  s o l a r  exceeds t he  sum of t h e  annual f u e l  b i l l  
SUMMARY TABLE 
i TABLE 5.2-1 
COSTS AND SAVINGS OVER 20 YEAR ANALYSIS PERIOD I N  DOLLARS (1980) 
OPTIMAL COLLECTOR AREA 
PRESENT 
WORTH 
PRESENT PRESENT 
PRESENT WORTH I WORTH I WORTH 
OF FUEL COSTS I o F OF 
OTHER 1 TOTAL 
WITH W/O / SOLAR / SOLAR 
SOLAR SOLAR j COSTS I COSTS 
r 
I 
I 
I 
SITE 
, I 
3 
PRESENT i 
WORTH 
TOGUS 
273 FT' 
OF TOTAL 1 I 0 F YEAR OF 
COSTS W/O CUMULATIVE POSITIVE 1 _ YEAR OF 
SOLAR f SAVINGS SAVIGGS ' PAYBACK 
i 
INITIAL COST OF SYSTEM' 
1 ALBUQUERQUE 1 1884 2856 4740 639 9318 : 4143 . 4782 9318 "536 1 12 1 
168 FT' i (1413) (2142) (3555) : 
-- 
1 1 FORT WORTH I 1884 2499 4383 , 1763 6692 , 3833 ; 5596 i 6692 1 1096 6 20 
147 FT' (1 41 3)  (1874) (3287) i r I E t
d a 
I 
MADISON 1884 2499 4383 ! 3119 7183 j 3833 ' 6952 ] 7183 i 231 8 b >20 1 
147 FT 2 (I 41 3)  (I  874) (3287) 1 i ; Ei I I i 
i 
WASHINGTON 1884 4284 61 68 / 2412 10886 j 5390 7802 10886 3038 4 1 15 
! I 252 FT' f (1 41 3) (321 3) (4626) ] I ! i 3 F - 
1 
CONSTANT 
1884 
(1113) 
AREA 
DEPENDENT 
4641 
(3481 ) 
TOTAL 
i I 
6525 2298 9371 5703 ] 8001 9371 i j 1369 6 ' 19 (4894) 1 t I I I 1 
1 1 I 
From F igures  5.2-2(a)-(e) , t h e  annual expense f o r  hea t i ng  domestic h o t  
wa te r  i s  shown t o  be l ess  w i t h  s o l a r .  The a d d i t i o n a l  i n f o r m a t i o n  f rom 
F igures  5.2-3(a)-(e) i s  r equ i red  t o  show t h a t  a system of t h i s  t ype  i s  
n o t  r conomica l l y  f eas ib l e  f o r  Madison; a1 though, t he  systenl would p ro -  
v i d e  a p o s i t i v e  savings w i t h i n  t he  20 yea r  l i f e  a t  t he  o t h e r  s i t e s .  
w i t h  s o l a r  and t he  annual cos ts  f o r  t h e  s o l a r  system. The yea r  o f  pay- 
back i s  t h e  yea r  a f t e r  purchase when t h e  compounded n e t  savinss equals 
t h e  i n i t i a l  investment  f o r  t h e  s o l a r  system. The f a c t o r s  t h a t  determine 
years  u n t i l  p o s i t i v e  savings a re  shown i n  F igures  5.2-2(a)-(e) f o r  each 
ana l ys i s  s i t e .  The f a c t o r s  t h a t  determine t h e  years u n t i l  payback a r e  
shown i n  F i su res  5.2-3(a)-(e) f o r  each ana l ys i s  s i t e .  
A study o f  t h e  L i f e  Cost Cycle Cost curves i n  F igures  5 .2 - l (a ) - (e )  shows 
t h a t  an op t ima l  c o l l e c t o r  area e x i s t s  f o r  a l l  5 s i t e s .  Fu r the r  economic 
ana l ys i s  i s  r equ i red  t o  demonstrate t h e  economic f e a s i b i l i t y  o f  i n s t a l  l- 
i n g  a System 2 type  s o l a r  energy system a t  each o f  the  ana l ys i s  s i t e s .  
TOGUS, MAINE 
YEARS 
F 2 (a) An& &pdn~lt for Solar System and Convenrian.el System 
44 
ALBUQUERQUE, ,NEW MEXICO 
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Fliryn 32-2 3) Annual Exprnrar fur Solar System and Conventional @stan 
FORT WORTH, TEXAS 
OPTIMAL COLLECTOR AREA 147 F T ~  
0 4 8 12 16 20 
YEARS 
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YEARS 
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TOGUS, MARINE 
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YEARS 
F&n 62.3 (8) Psybwk for SoIw Ener~y System for Togus, Mail.- 
ALBUBUERQUE, NEW MEXICO 
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F b  523 (b) Pybcu:k for So1.r E w  Symm for Albuquepu3, Nm hkxico 
YEARS 
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5 1 
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WASHINGTON, D.C. L 
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6. ECONOMIC UNCERTAINTY ANALYSIS 
The economic eva lua t ion  niethods presented i n  t h i s  r e p o r t  a r e  based on 
t h e  assumption t h a t  r e l i a b l e  values f o r  econotnic var iab les  can be as- 
signed. However, there  i s  an inherent  unce r ta in t y  i n  p r e d i c t i n g  f u t u r e  
expenses and benef 1 t s  which i s  magnif ied by i n t e r n a t i o n a l  economic 
u n s t a b i l i t y .  As a consequence, the  r e s u l t s  o f  both the  l i f e  cyc le  cos t  
ana lys is  and the  op t im iza t i on  procedures must be accepted w i t h  d i s -  
c r e t i o n  and the  e f f e c t  s f  unce r ta in t i es  nus t  be evaluated, 
For  a given s e t  o f  condi t ions,  the change i n  the  present worth o f  l i f e  
c y c l e  cumulat ive savings (Table 5,2-I) ,  ALCCS, r e s u l t i n g  from a change 
I n  a p a r t i c u l a r  variable, Axj, can be approximated by t h e  fo l l ow ing :  
aLCCS ALCCS = -axj j (1 3)  
The expression f o r  aLCCS/ax. can be obtained by d i r e c t  d i f f e r e n t i a t i o n  J 
o f  the l i f e  cyc le  savings equation. The 1 i f e  cyc le  c o s t  model o f  
Equations ( I ) ,  ( 4 )  and (6)- (12)  w i l l  be used f o r  t h i s  ana lys is .  The 
d e r i v a t i v e s  o f  these equations f o r  each va r iab le  a re  given i n  Appendix 0 .  
To i l l u s t r a t e  the  use o f  these re la t ionsh ips ,  Uncer ta in ty  Analys is  
Tables 6-1 through 6-5 were made up f o r  the i n s t a l  l a t i o n  s i t e .  The 
tab les  g ive  the  change i n  so la r  system 1 i f e  cyc le  cumulat ive savings, ALCCS, 
caused by a 10 percent r e l a t i v e  increase i n  each o f  t he  var iables.  
Table 6-1 f o r  Togus, Maine, shows, f o r  example, t h a t  a 10 percent i n -  
crease i n  t he  d iscount  r a t e  from 8.5 t o  9.4 percent y i e l d s  a decrease i n  
t h e  value of PI o f  approximately 2.434, g i v ing  a modi f ied value o f  P1 = 
24.136 (9.2 percent decrease). The value b f  P2 decreases by 0.069 (6.0 
percent decrease) g i v i n g  a modi f ied value o f  P2 = 1.076. The value o f  
LCCS decreases by approximately $315 o r  a r e l a t i v e  change o f  23 percent 
i n  the base1 i n e  value o f  $1369. 
The information o f  Tables 6-1 through 6-5 can a l s o  be used t o  est imate 
the  t o t a l  uncer ta in ty  i n  1 l f e  cyc le  cumulative savings due t o  uncer ta in ty  
i n  d i f f e r e n t  variables. I f  a l l  t he  economic parameters a r e  subject  t o  
v a r i a t i o n  a reasonable est imate o f  savings uncer ta in ty  can be obta ined 
by the fo l lowing:  
As an example, assume uncer ta in t ies  o f  +10 percent i n  a l l  f i f t e e n  o f  t he  
var iables 1 i s t e d  i n  Table 6-1. The probable u n c e r t a i n i t y  estimate, using 
t h e  data from the Table i s :  
Togus, Maine 
ALCCSprob = $1610 
This value i s  s l i g h t l y  l a r g e r  than the  present worth o f  cumulat ive savings 
o f  $1369 f o r  Togus, given i n  Table 5.2-1. Had the  probable u n c e r t a i n i t y  
est imate g r e a t l y  exceeded the  cumulative savings, the  r i s k  o f  purchasing 
the  so la r  system i n  a n t i c i p a t i o n  o f  savings would have been greater,  
i n  d i r e c t  p ropor t ion  t o  the  magnitude of the uncer ta in ty  i n  the  i n d l -  
v idual  variables. The r e s u l t s  f o r  t he  o ther  s i t e s  are as fo l lows:  
A1 buquerque, New Mexico 
ALCCSprob = $1941 
Cumulative Savings = $4536 
Forth Worth, Texas 
ALCCsprob = $1114 
Cumulative Savings = $1096 
Madison, Wisconsin 
ALCCSprob = $932 
Cumulative Savings = $231 
Washington, DC 
ALCCSpro b = $1906 
Curnu1 a t i  ve Savings = $3038 
TABLE 6-1 
UNCERTAINITY ANALYSIS FOR TOGUS, MAINE 
Optimized Col lec tor  Area = 273 FT 2 I 
i i' 
atccs ALCCS = 
ax j i ($1 a l 
t 
- ap2 
ax j 
- a PI 
ax j 
1 AREA DEPENDENT COST (CAI / AREA INDEPENDENT COST (CE) 
FUEL COST (CF) 
DOKN PAYMENT/INIT I N V  (D) 
% 
NOMINAL 
VALUE 
DELTA 
NOMINAL 
VALUES 
i 
I 
-398 P 
12.750 1 1.2750 141 .3000 
FIRST YR. M I S C  COSTIINIT I N V  (M) 0.005 0.0005 i 0.0 1 21.006 1 -1 03090 j -52 ' i I 
FIRST YR. ASSESSED VALjINIT I N V  ( V )  f 0.0 0.0 0.0 ' , 0.0 I 0 I 0  T 
i i SALVAGE VALINIT INV (GI 0.0 1 0.0 0.0 I -0.196 957 j o I i ! 
' ANNUAL MKT DISCOUNT RATE ( d )  i 0.085 0.0085 ; -286.35 1 -7.987 -37069 -315 
COST PARAMETER (x j )  
0.0 0.0 -31 3 
0.0 O - O  
/ ANNUAL MKT RATE OF FUEL COST INC.  (e j 
/ ANNUAL INT. RATE ON MORTGAGE ( i  ) 
I 
j 
I 1 1 
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' 1 1 . 5 4 7 0  ; 
i 
0.0 457 
O V 0  i 
a 1 707 
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707 
I 
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1 
i 22.800 ; 2.2800 
! 
ANNUAL HEATING AND HOT MATER LOAD (L) 
0.0 b . 0  1 9372 d ! 707 0.0 1 0 . 0  1 310 
2 :  
r 4 TABLE 6-2 
P --I 3 UMCERTAINITY ANALYSIS FOR ALBUQUERQUE, NEW MEXICO 
tC a Optimized Collector Area = 168 FT 2 
I 
I 
i COST PARAMETER (x j  1 
I 
I AREA DEPENDENT COST (cA) 
NOMINAL 
VALUES 
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: AREA INDEPENDENT COST (CE) 11413.000 
I 
FUEL COST ( C F )  20.390 f 
141.3000 I 0.0 I 0.0 -1 ) - 1  i 
I 
E i ! 
2.0390 0.0 ! 0.0 425 1 868 . 
NOMINAL 1 ?!? VALUE 3 x j DELTA i 
i 
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- 2P2 3LCCS I t BLCCS i ax j I axj 1 I ($1 j ! 
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1 
I 
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TABLE 6-3 
UNCERTAINITY ANALYSIS FOR FORT WORTH, TEXAS 
AREA DEPENDENT COST (CA) 
AREA INDEPENDENT COST (CE) 
DOWN PAYMENT/INIT ZNV (D) 0.200 f 0.0200 
0.005 1 0.0005 
FIRST YR. ASSESSED VAL/INIT INV (V) 
t 
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I 
I 
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1 ANNUAL HEATING AND HOT WATER LOAD (L) 
B 
F 
; AMNUAL SOLAR FR9CTION (F) 
C 
rss* a 
rC, 
00 $ ' TABLE 6-4 
% 
* *- 
*$A~& UNCERTAINITY ANALYSIS FOR MADISON, MI SCONSXN 
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-
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-
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-
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Optimized Col lec tor  Area = 147 FT 2 
COST PARAMETER (x j) 
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7 ,  SUMMARY AND CONCLUSIONS 
Solar  energy i s  economical ly benef ic ia l  under the assumed economic con- 
d i t i o n s  a t  Togus, Maine; A i buquerque, New Mexico; Fo r th  Worth, Texas; 
Madison, Wisconsion; and Washington, DC as shown i n  F igure  7-1. I n  
2 Madison, Wisconsion, where the  average s o l a r  i n s o l a t i o n  i s  1191 B t u / f t  / 
day and the  convent ional energy ( e l e c t r i c i t y )  cos t  i s  (0.042 $/kwh), a 
s o l a r  energy system o f  t he  type described i n  t h i s  r e p o r t  marg ina l l y  
p r o f  i tab1 e, Econcimi c benef i t s  from t h i  s so l  a r  energy sys tem depend 
p r i m a r i l y  on two fac to rs :  (1) ma in ta in ing  o r  decreasing the i n i t i a l  
investment requi red;  (2) the cont inuing increase i n  the  cos t  o f  conken- 
t i o n a l  energy, The cap - ' i l l  ty  t o  main ta in  o r  decrease the  cos t  o f  the 
system r e l a t i v e  t o  t h i s  present l e v e l  i s  uncer ta in,  It depends on favor-  
ab le  tax t reatment  from the  var ious 1 eve1 s o f  government, l ocal through 
federal , as w e l l  as the cont inu ing  development o f  the  s o l a r  energy i n -  
dustry .  On the  o the r  hand, increases i n  the cos t  o f  convent ional energy 
are  v i r t u a l l y  assured. From the economic ur lcer ta in ty  ana lys is  i n  Sect ion 
6, where the  convent ional energy costs a re  medium t o  h igh ,  the savfngs 
w i t h  t h i s  system are  1.3 t o  2.1 t imes more s e n s i t i v e  t o  increases i n  the  
convent ional energy cos t  than t o  p ropor t iona l  increases i n  the so la r  
energy system cost.  This  s e n s i t i v i t y  serves t o  somewhat m i t i g a t e  the 
r i s k s .  I f  the  convent ional energy costs are low, system cost  increases 
and propor t iona l  increases i n  the cos t  o f  conventional energy equa l ly  
impact the savings, 
The analys is  and r e s u l t s  given i n  thz is  r e p o r t  can be used t o  guide a 
p o t e n t i a l  s o l a r  energy system buyer i n  eva lua t ing  the purchase o f  thds 
I type of DHW system. To do t h i s ,  the  s o l a r  i n s o l a t i o n  i n  the buyer's geogr- 
aphic area must be known. This  data i s  a v a i l a b l e  from several sources, 
i nc lud ing  653 and [6]. The cos t  o f  conventional energy must a lso  be known, 
The l o c a l  u t i l i t y  company can f u r n i s h  ra tes  from which a comparison cos t  
based on 1000 kwh use can be computed i n  do1 l a r s  per kMh. These values can 
I 
! then be compared w i t h  the c h a r a c t e r i s t i c s  o f  t he  ana lys is  s i t e s  given i n  
Sect ion 3.1. The r e s u l t s  f o r  t h a t  ana lys is  s i t e  can be ascertained from 
Sf :ion 5.1 and 5.2. The pr imary economic parameters such as so la r  system 
costs, mortgage ra tes ,  i n f l a t i o n  r a t e s ,  d iscount  ra tes ,  etc . ,  are general ' ly 
known by t h e  '~uye r  f o r  h i s  area. Ldv ia t ions  i n  these econcnic parameters 
from the values assumed i n  developing the  r e s u l t s  i n  t h i s  r e p o r t  can be 
evaluated from mater ia l  included i n  Sect ion 5, The ALCCS values given i n  
Tables 6-1 through 6-5 were computed based r n  a 10 percent increase i n  the 
economic parameter i n  question, A 10 percent decrease simply means changing 
t h e  s ign  o f  t h e  value i n  the  appropr iate table.  Larger increases o r  decreases 
i n  an economic parameter carr a l so  be obtained by m u l t i p l y i n g  the  hLCCS value 
by the r a t i o  o f  t he  desi red increase t o  t h e  10 percent increase used i n  the  
o r i g i n a l  computation. 
As an example o f  the discussion above, assume the  buyer has determined 
t h a t  the  c h a r a c t e r i s t i c s  of h i s  l oca le  a r e  s i n l i l a r  t o  Fo r t  Worth, Texas, 
and i s  consider ing the  resu l t s  reported f o r  t h i s  so la r  energy system i n  
F o r t  Worth. He notes t h a t  the reported savings from Table 5.2-1 i s  
$1096, however, the  conventional energy c o s t  o f  h i s  l o c a l e  i s  $0.040/kWh, 
instead o f  t he  $0.044/kWh ( ~ a b i e  5.1-3) used Sn developing the F o r t  
Worth saving. To m ~ d i f y  the savings t o  consider the  new r a t e  the  change 
i s  computed as : 
In Table 6-3 f o r  F o r t  Worth i t  can be seen t h a t  a 10 percent increase i n  
f u e l  cos t  y i e l d s  a value for  ALCCS o f  $493. The impact on the  L i f e  Cycle 
Cost Savings o f  a 9.1 percent decrease i n  fue l  cos t  can be computed as 
f o l  1 ows : 
* 492 = $449 ALCCS = -
10.0 
Therefore, t he  new savings i s :  
The buyer can evaluate the r e s u l t  o f  a change In any of t he  economic 
parameters I n  t he  same manner. However, he should be aware t h a t  the 
parameters a r e  sometimes i s t e r - r e l a t e d  and a change i n  one parameter 
may a f f e c t  t h e  ALCCS fo r  several parameters, Consequently, the  1 arger  
t h e  changes t h e  less  the  tccuracy. However, approximate r e s u l t s  may 
be obtained t h a t  prove o f  value I n  making a f i n a l  decision. 
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APPEtdDIX A 
F-CHART PROCEDURE 
APPENDIX A 
I F-Chart Procedure 
Mod i f i ca t ions  a re  made t o  f -Char t  t o  enable t he  ;:ogram t o  be used t o  
per form economic a n a l y s i s  o f  t he  f o l l o w i n g :  
1. Systems t h a t  use heat pumps and f o s s i l  f u e l  space 
hea t ing  systems, as Q e l l  as e l e c t r i c  r e s i s t a n c e  
heat. .. 
\ 
2.  Systenis t h a t  use two d i f f e r e n t  e ~ i e r g y  sources f c r r  
.domestic h o t  water  hea t i ng  and space hea t ing .  
The problem of ana lys is  o f  t h e  s o l a r  energy system w i t h  a  convent ional  
backup o t h e r  than e l e c t r i c  r es i s tance  hea t  i s  r eso l ved  by i n t r o d u c i n g  
a C o e f f i c i e n t  o f  Performance (COP) whose va lue i s  dependent upon t h e  
t ype  o f  backup system. Typ ica l  COP'S o f  heat  pumps a r e  computed f rom 
a  heat pump model which uses as i n p u t s  t h e  ambient and b u i l d i n g  tempera- 
t u re .  F o s s i l  f u e l  furnace C O P ' S  a r e  assumed t o  be 0.60 un less d i f f e r e n t  
e f f i c i e n c i e s ,  based on manufacturer 's  o r  o t h e r  sources o f  data, a re  
ava i l ab le .  
I The problem o f  ana l ys i s  w i t h  two d i f f z r e n t  energy sources i s  r eso l ved  
by a d j u s t i n g  t h e  COP o f  t h e  space hea t i ng  system i n  accordance w i t h  t h e  
I 
t ype  o f  f u e l  used f o r  t h e  DHW system. Th i s  i s  necessary because t he  
s t r u c t u r e  o f  f -Char t  assunres e l e c t r i c  energy t o  be t h e  source f o r  bo th  
i. 
space hea t i ng  and domestic ho t  water.  The adjustment f a c t o r  i s  t h e  
I 
e 
I ad jus ted  r a t i o  o f  t he  r a t e s  f o r  t he  two energy sources used. The general 
I 
I expression f o r  t h i s  i s :  
DHW A u x i l i a r y  Fuel Rate ($ /mi l  1  i o n  Btou 
sH cop ' = SH Auxi 1  i a r y  Fuel Rate (,$/nli 11 i o n  Btu) fkCop SH E f f i c i e n c y  ) 
where t he  DHW A u x i l i a r y  Fuzl Rate i s  t h e  e f f e c t i v e  r a t e  f o r  1 
1 
f u e l  a c t u a l l y  used and i s  equ i va len t  t o  t h e  e l e c t r i c a l  energy 
r a t e  il i a  100 percen t  e f f i c i e n t  e l e c t r i c a l  h o t  water  heater .  
The DHW a u x i l i a r y  Fuel Rate w i l l  a l s o  be used f o r  t h e  va lue o f  
Jtem Number 31 and 34 f o r  systems o f  t h i s  con f i gu ra t i on .  
The value o f  SH COP' i s  i npu t  t o  the  modi f ied f -Chart  program. 
Th is  value i s  used t o  compute an ddjusted t o t a l  load. The load, 
i n  turn, i s  used t o  der ive  the solay f r a c t i o n  which i s  i n p u t  t o  
t h e  f-Chart economic ana lys is  subroutine. 
Major considerat ions of the  f i n a l  repo r t  ana lys is  procedure are  the  
d e f i n i t i o n s  o f  the  loads t h a t  the  systetn supports as i t  i s  analyzed 
i n  d i f f e r e n t  geographic locat ions,  and the  s i z i n g  o f  t he  system t o  
handle these lnads a t  the  various locat ions.  The tliethod i t  o u t l i n e d  
i n  the  fo l lowing paragraphs. 
The monthly long-term heating load a t  the  selected ana lys is  s i t e s  i s  
computed from the fo l l ow ing  equation: 
where 
UA i s  the  modi f ied b u i l d i n g  energy l oss  c o e f f i c i e n t  
HDDLT i s  the monthly long-tern1 average heat ing  degree days 
HTGEN i s  the i n t e r n a l l y  generated heat computed from 
measured data. 
I t  i s  t o  be noted t h a t  UA i s  a t i lodif ied parameter. The mod i f i ca t i on  i s  
t o  compensate fo r  the  f a c t  t h a t  housing standards d i f f e r  from l c q a t i o n  
t o  locat ion,  i.e., t he  const ruc t ion  standards f o r  a F lo r ida  house are  no t  
s u i t a b l e  f o r  t i re New York environn~ent. The UA f a c t o r  used i s  der ived from 
t h e  ASHRAE 90-75 Standard [8] as a func t i on  o f  long-term heat ing degree 
days according t o  the  appropr iate U-value. The area, A, i s  der ived from 
t h e  b u i l d i n g  where the  system i s  i ns ta l l ed .  
HTGEN i s  a fac tor  t h a t  accounts f o r  the p a r t  o f  the load whic:h i s  
I n t e r n a l l y  generated. This i s  assumed t o  be the  heat  added which 
b r i ngs  the bud 1 d l  ng t o  the desi red (comfortable) temperature when 
t h e  outs ide ambient temperature i s  6 5 O F  and no a u x i l i a r y  heat  i s  
being added t o  the  bu i l d ing .  HTGEN, once derived, i s  assumed t o  
be constant s ince  i t  i s  a funct ion o f  the 1 i f e  s t y l e  o f  t he  occupants. 
The value o f  HLLT i s  the  monthly long-term average heat  l o a d  i n p u t  
t o  f-Chart. 
Add i t iona l  techn ica l  and economic parameters t h a t  a re  i n p u t  t o  f -Chart  
f o p  the  f i n a l  r e p o r t  ana lys is  a re  l i s t e d  below w i t h  app l i cab le  
comments. 
1. A i r  SH t WH = 1, L i q  SH + WH = 2 ,  A i r  o r  L i q  WH Only = 3 
C~iii i i iefit: This  i s  a d e f i n i t i a n  o f  system type. The value 
i s  1, i f  the  system uses a i r  c o l l e c t o r s  and suppl ies both 
space heat  and domestic h o t  water; 2, i f  the  system uses 
l i q u i d  c o l l e c t o r s  and suppl ies both space heat and domestic 
h o t  water; 3, i f  the  system uses e i t h e r  type o f  c o l l e c t o r  
and suppl ies only domestic ho t  water. 
2. (Flow r a t e l c o l .  area) * (Spec. heat)  
Comment: If the system i s  an a i r  system, t h i s  parameter i s  
appl icable.  It i s  the a i r  mass f l ow  r a t e  i n  1 b/min d i v ided  
by the  gross c o l l e c t o r  area m u l t i p l i e d  by the  s p e c i f i c  heat 
o f  a i r  a t  standard condi t ions.  The value o f  t h i s  parameter 
i s  computed f o r  the system a t  t he  ac tua l  i n s t a l l a t i o n  s i t e .  
This  value i s  then maintained constant as the  c o l l e c t o r  s i z e  
i s  opt imized f o r  a l l  analys is  s i tes . *  
2 
*f-Chart uses an opt imized value o f  2.15 Btu/Hr O F  F t  f o r  t h i s  parameter 
I n  r e s i z i n g  a system, on ly  the c o l l e c t o r  s i z e  i s  var ied.  The ;:stem i s  
n o t  given the b e n e f i t  o f  f u r t h e r  op t im iza t ion .  
Comment: If t h e  system i s  a  l i q u i d  system and uses a l i q u i d  
t o  a i r  heat  exchanger i n  t he  space hea t i ng  loop,  t h i s  parameter 
i s  app l i cab le .  It i s  t h e  manufacturer 's  heat  exchanger e f f e c -  
t i veness  mu1 t i p 1  i e d  by t h e  minimum capaci tance r a t e  through 
t h e  hea t  exchanger and d i v i d e d  by t h e  b u i l d i n g  energy l o s s  
c o e f f i c i e n t .  I f  the  heat  exchanger e f f e c t i v e n e s s  i s  unknown, 
a  d e f a u l t  va lue  o f  0.5 i s  spec i f ied ,  The capaci tance, Cmin, 
i s  t h e  minimum product  o f  niass f l o w  r a t e  and s p e c i f i c  heat, 
which u s u a l l y  occurs on t h e  a i r  s ide. The UA va lue  i s  t he  mod- 
i f i e d  parameter app l i cab le  t o  t he  s i t e .  D e r i v i n g  t h i s  va lue 
o f  UA has been p rev ious l y  discussed. The va lue  o f  ~Cmin lUA 
i s  coniputed f o r  t he  system a t  t h e  ac tua l  i n s t a l l a t i o n  s i t e .  
T h i s  va lue i s  then n ia in tc ined cons tan t  as the  c o l l e c t o r  s i z e  
i s  op t im ized  f o r  a l l  ana l ys i s  s i tes. '& 
4. Col l e c t o r  Area 
Comment: Th i s  i s  the  gross c o l l e c t o r  area which i s  op t im ized  
f o r  a l l  a n a l y s i s  s i t e s .  The o p t i m i z a t i o n  i s  extended t o  t h e  
a c t u a l  i n s t a l l a t j o n  s i t e  i f  an optimum s i z i n g  i s  r io t  apparent 
i n  t h e  o r i g i n a l  design. The p red i c ted  performance w i t h  optima1 
c o l  l e c t o r  s i z i n g  i s  then conipared .to t h e  p r e d i c t e d  performance 
of t h e  ac tua l  design and the  ac tua l  measured performance. 
Comment: The bas ic  va lue  o f  FR ( r u )  was der ived  from t h e  c o l -  
l e c t o r  ana l ys i s  program. Th is  va lue  i s  more c o n s i s t e n t  w i t h  
a c t u a l  opera t ion  than t h e  oianufacturer l  s  or l a b o r a t o r y  s i n g l e  
* f -Char t  uses an op t im ized  va lue o f  2.1) (d imension less)  f o r  t h i s  parameter 
I n  r e s i z i n g  a system o n l y  t he  c o l l e c t o r  s i z e  i s  va r ied .  
The system i s  n o t  g iven  the b e n e f i t  o f  f u r t h e r  op t im i za t i on .  
p a w l  t e s t  values, I f  t h e  system has a  heat  exchanger 
between c o l l e c t o r s  and storage, t h e  de r i ved  va lue o f  
FR (TU) was mod i f i ed  by t h e  FR1/FR f a c t o r  as o u t l i n e d  
i n  Sec t ion  2.4.4 o f  EES Report  49-3 ( f - c h a r t  Users 
Manual), [ I ]  Note t h a t  t h e  values i n p u t  t o  f -Char t  a r e  
assumed t o  be der i ved  i n  accordance w i t h  ASHRAE s p e c i f i e d  
method, 
Comment: Same comlnent as I t em 5. 
7. Inc idence Angle Mod i f ie r  
Comment: I n  general, t he  d e f a u l t  va lue o f  0 i s  used. For 
evacuated tube  c o l l e c t o r s  modeled as f l a t  p l a t e  c o l l e c t o r s  
t h e  col lector angle 5ncidence m o d i f i e r  i s  ob ta ined  Prom t h e  
c o l  1  ec to r  manufacturer,  
8, Number o f  Transparent Covers 
Comment: Th i s  i s  s p e c i f i e d  accord ing t o  t h e  c h a r a c t e r i s t i c s  
o f  t h e  c o l l e c t o r .  
9. C o l l e c t o r  Slope 
Comment: C o l l e c t o r  Slope i s  changed accord ing t o  t he  
l a t i t u d e  of t h e  s i t e  and t h e  t ype  o f  system, When t h e  s i t e  
analyzed i s  t h e  e x i s t i n g  s i t e ,  t h e  ac tua l  s lope  value i s  
used. Far o t h e r  aqa l ys i s  s i t e s  t h e  s lope i s  computed as 
f o l l o w s :  
L a t i t u d e  +10° i f  space heat  and domestic h o t  water 
e L a t i t u d e  i f  domestic h o t  water o n l y  
10. Azimuth Angle 
Conment: A t  s i t e s  o ther  than the  e x i s t i n g  i n s t a l l a t i o n  s i t e  
the  aximuth angle i s  0". A t  t h e  e x i s t i n g  s i t e  aziwuth angle 
used f o r  ana lys is  has ac tua l .  However, arly r e s u l t i n g  per-  
formance degradation i s  noted. 
1 1,  Storage Capacl t y  
Colmnent: This parameter i s  computed as t h e  product  o f  s torage 
mass and specJf ic  heat d iv ided  by c o l l e c t n r  area f o r  the  e x i s -  
t i n g  s i t e .  The same value o f  storage capac i ty  i s  used f o r  a l l  
s i t es .  
12. E f fec t ing  Bu i l d ing  UA 
Comnent: The b u i l d i n g  UA, i f  n o t  known, i s  der ived from the 
nieasurement data contained i n  the Seasonal Report [7]. The 
computed value o f  UA i s  co~npared f o r  reasonableness w i t h  a 
corresponding value o f  UA der ived from AStlkAE Standard 90-75. 
For o ther  ana lys is  s i t e s  the value o f  UA i s  der ived from ASHRAE 
Standard 90-75 as a func t i on  o f  b u i l d i n g  type and heat ing degree- 
days f o r  each s i t e .  
13. Constant D a i l y  Bu i l d ing  Heat Generation 
Comment: For r e s i d e n t i a l  type bu i ld ings ,  t h i s  parameter i s  
der ived from the nleasureeient data contained i n  t he  Seasonal 
Report [7]. The der ived value i s  he ld  constant  f o r  a l l  
ana lys is  s i t es .  
14. Hot Water Usage 
Comment: An e f f e c t i v e  averagc ho t  water consumption r a t e  
t h a t  accounts f o r  ac tua l  load p lus standby losses was 
coniputed from the f o l  1  owing equation : 
A-7 
I-IWCSMPEFF = HWSE + HWAT 
Cv ( TMAIN + TSET * (TSET - TMAIN) * RHO (TMAIN + TSET) 7 ) -Z - - 
Number o f  Days i n  Month 
15. Water Se t  Temperature 
Corment: The ac tua l  va lue  o f  t h i s  parameter a t  t h e  e x i s t i n g  s i t e  
i s  used f o r  a l l  a n a l y s i s  s i t e s .  
16. Water Main Temperature 
Comment: The i n p u t s  f o r  t h i s  parameter a r e  a  s e r i e s  o f  month ly  
values. The ac tua l  month ly  value a t  t h e  e x i s t i n g  s i t e  i s  
re ferenced t o  t h e  average long-term ambient f o r  t h e  month f o r  
ana l ys i s  a t  t h a t  s i t e .  For  ana lys is  a t  o t h e r  s i t e s  t h e  
monthly va lue o f  TMAIN was es tab l i shed  by s i t e  measurement 
a t  a  nearby s i t e  re fe renced  t o  t h e  average long- te rm ambient 
f o r  t h e  month. (See Appendix C )  
17. C i t y  C a l l  Number 
Comment: I f t h e  a n a l y s i s  s i t e  i s  l o c a t e d  a t  a  c i t y  l i s t e d  i n  
t he  November 1978 I n p u t  Data For So la r  Systems t h a t  s i t e  i s  
entered i n t o  t h e  f -Char t  data record. If t h e  a n a l y s i s  s i t e  
i s  n o t  a p a r t  o f  t h e  data record, an i n t e r p o l a t i v e  r o u t i n e  
computes t h e  da ta  f o r  any a r b i t r a r y  s m i t e  f rom nearby s i t e s  
where da ta  i s  a v a i l a b l e .  
18. Thermal P r i n t  Out by Month 
Comment : None 
1  9. Economic Ana lys is  
Comment: I n  general ,  a l l  runs made f o r  F i na l  Reports s p e c i f y  
p r i n t  o u t  o f  economic ana lys is .  
7 -- - - .- - -r ;rr--..r 
20. Use Opt imized Co l l ec to r  Area = 1, Spec i f ied  Area = 2 
Comment: I n  general the  runs made f o r  F ina l  Reports use 
an optimized c o l  l e c t o r  area. 
I 21. Solar System Thermal Performance Degradation 
I Comment: A value o f  zero percent i s  used. 
1 22. -46. Economic Parameters 
Comment: The values o f  the economic parameter were worked 
l out  between MSFC and IBM f o r  the  F ina l  Reports. The source 
o f  the  value i s  given i n  the notes on page A-1 1. 
Resident ial-  
I tern 
-- 
Var iable Descr ipt ion 
Per iod  o f  Economic Analys is  
Col l e c t o r  Area Dependent System Costs 
Constant So lar  Costs 
Down Payment (% o f  Or ig ina l  Investment) 
Annual I n t e r e s t  Rate on Mortgage 
Term of Mortgage 
Annual Nominal (Market) Discount Rate 
Ex t ra  Insur., Maint. i n  Year 1 
(% o f  Or ig .  I nv . )  
Annual % Increase i n  Above Expenses 
Present Cost o f  Solar Backup Fuel (BF) 
BF Rise: % / Y r .  = 1, Sequence o f  Values = 2 
I 
Value U n i t s  
-- Source 
2 o Yrs. SRI ' 
M S F C ~  
MSFC* 
2 0 % SAI l 
13.5 % M S F C ~  
2 o Y r s  . SAI l 
8.5 % SAI" 
0.5 % M S F C ~  
Resident la l  (Continued)- 
- 
I tem Var iab le  Descrl p t i o n  
-
Annual Rate o f  BF Rlse 
E l e c t r l c l t y  
01 1 
Natural Gas 
Present Cost o f  Conventional Fuel (CF) 
CF Rise: %/Yr. = 1, Sequence o f  Values - 2 
Annual Rate o f  CF Rlse 
E l e c t r i c 1  t y  
o i  1 
Natural Gas 
Economic P r i n t  Out by Year = 1, 
Cumulative = 2 
E f f ec t i ve  Federal State Income Tax Rate 
Resldenti a1 
Comnercf a1 
True Property Tax Rate Per $ o f  Or ig ina l  
Investment 
Annual X Increase i n  Property Tax Rate 
Calc. R t .  o f  Return on Solar Investment? 
Value Un i t s  
-
Source 
12.5 % M S F C ~  
12.5 % M S F C ~  
12.5 % M S F C ~  
Same as #314 
1 
Analyst 
Opt1 on 
NA I f  #39 i s  "0" 
Analyst  
Yes = 1,  NO = 2 
4 2 Resale Value (% o f  Or ig ina l   vestment) 0 M S F C ~ ' ~  
43 Income Producing Building, Yes = 1, S i t e  
No = 2 Dependent 
44 Dprc.: S t r .  In .  = 1, Dc. Bal. = 2, 2 % M S F C ~  
Sm-yr.-Dgt. = 3, None = 4 
4 5 I f  2, What % o f  S t r .  Ln. Dprc. R t .  i s  Desired 1,50 % M S F C ~  
46 Useful Llfe f o r  Deprec. Purposes 20 Yrs. MS F C ~  
47. Economic COP f o r  Auxi 1 i a r y  Sys tem 
Comment: Th is  i s  a new parameter def ined f o r  f -Char t  t o  
account f o r  economic ana l ys i s  o f  s o l a r  systems hav ing aux- 
i l i a r y  backup o t h e r  than e l e c t r i c  r es i s tance  heat ,  The 
defaul t values of t h i s  parameter a r e  as f o l l o w s  : 
Heat Pump A u x i l  i a r y  COP = 2 
F o s s i l  Fuel A u x i l i a r y  COP = 0.6 
E l e c t r i c  Kes i s tance COP = 1 .O 
The va lue  o f  the  bas ic  COP i s  modi f ied,  at co rd ing  t o  t h e  method descr ibed 
on page A-2, t o  account f o r  d i f f e rences  between t h e  f u e l  used f o r  t he  
domestic h o t  water  and t he  f u e l  used f o r  space heat ing.  
1, Source was Science Appl icat ions,  Inc,  (SAI) Dra f t  F ina l  Report 
on i'Comparison o f  So lar  Heat Pump Systems t o  Conventional 
Methods f o r  Resident ia l  Heating, Cool lng, and Water Heating," 
A p r i l  1979. 
2, These items were based on judgment and best  experience. 
3, The actual  cur ren t  u t i l i t y  ra tes  f o r  the  ana lys i s  s i t e s  
se l  ected were obtained. (See Appendix D) . 
4. The assumption f o r  f i n a l  r e p o r t  ana lys is  was t h a t  the backup 
system a c t u a l l y  used f o r  the +installation was the  same type 
o f  system t h a t  would be used i f  the  s o l a r  system was n o t  
i n s t a l l e d .  
5. The decl i n i n g  balance technique never permi t s  100% deprec ia t ion  
of the  asset no mat te r  how long the period. The balance re-  
maining a t  the end o f  the system l i f e t i m e  was t reated,  f o r  
accounting purposes, as salvage value. No o the r  salvage 
value was presumed t o  ex i s t .  
APPENDIX B 
ECONOMIC UNCER'TAINTY A K A L Y S I S  
EQUATIONS 
APPENDIX B 
ECONOMlC UNCERTAINTY ANALYSIS EQUATIONS 
1. Area dependent investment cos ts  (CA)  
- bLCCSn, . ,  - -P2A (ACA) ( C A I  
2. Area Independent investment cos ts  (CE) 
ALCCScE - -P2 (ACE) (CE) 
3 ,  R a t i o  o f  downpayment t o  i n i  t i t a l  investment ( D l  
4. Ra t i o  f i r s t  yea r ' s  mise. cos ts  t o  i n i t .  i n v .  (M) 
ALCCSM - -(CAA + CE) [ ( I  - Cf) f (N9 g, d ) ]  (AM) 
5. Ra t i o  f i r s t  y e a r ' s  assessed va lue t o  i n i t .  i n v .  (V) 
bLCCSy = ( C A A + C E )  [ t ( 1  - n  f ( N , g , d ) ]  (AV) 
6. R a t l o  salvage o r  r e s a l e  va lue  t o  i n i t .  i n v .  ( G )  
7. Annual market discoynt r a t e  (d) 
2- f(N* 0, d.) + 
- ( C ~ A + C ~ )  ad 
[ ( I  - c t )  PI + t (1 - OV] f(N, gs  d) - 
I 
"N. 0,  d l  + 
) a  f ( N , i , d ) ] -  NG (I - T ( W i T  53 , -1 (I + d)N+ 
- Ci 2 f (N, 0, d )  (ad)  N ad I 
8. Annual market ra te  o f  fuel pr ice  increase (e )  
I 
9. Annual in terest  r a t e  on mortgage ( i )  
10. Annual r a t e  of general  q n f l a t i o n  ( g )  
a 
- f (N,  g, d )  a g  
11. E f fec t ive  income t a x  r a t e  (r) 
12. Proper ty  t a x  r a t e  ( t )  
I 
- 
- 
A L C C S ~  - 
-(c,n + c,) ( 'I  - t) VP(N, g ,  d )  (~tr 
13. Cost o f  conventiotlal f u e l  i n  t h e  f i r s t  yea.r (CF) 
14. Annual hea t ing  and h o t  water load  ( L )  
15. Annual load fract lon supplled by so lar  (F) 
NOTE: Three functions used above requi re  d e f i n i t f o n ,  as fol lows: 
f(N, a,  b) - 
- b-a 
APPENDIX C 
MONTHLY AVERAGE WATER 
SUPPLY fEMPERATURES 
TABLE C-1 
MONTHLY AVERAGE WATER SYPPLY TEMPERATURES I N  O F  
2 
MONTH 
SITE NAME I J F M A M J J A S 0 N I? AVERAGE; 
t 
f 
I TOGUS, ME 43 41 42 42 52 53 62 64 62 6 0  55 47 52 i i i 
ALBUQUERQUE, NM 66  66 66 70 74 76 8G 83 79 74 71 66 73 i i 
i ! 
' FORT WORTH, TX 
/ WASHINGTON, DC 
APPENDIX D 
ENERGY COSTS FOR 
ANALYSIS SITES 
TAX 5% 
lo00 kwh EFFECTIVE RATE = 0.053 $/kwh 
n 
" (I.? r*;4 
ELECTRICITY lRESIDENTIAL  RATES) 
ALBUQUERQUE, NM 
GAS 
- (RESIDENTIAL) 
0-1 65 THERMS 0.0803/THERM 
165-340 THERMS 0.0826lTHERM 
340+ THERMS 0.09661THERM 
SERVICE CHARGE $1.25 
FUEL ADJUSTMENT $0.21 14/THERM 
TAX 4% 
ELECTRICITY (RESIDENTIAL) 
EXAMPLE 
* 0.2114 
0-200 kwh 0.05294/ kwh 
200-800 kwh 0104794/ kwh 1000 kwh EFFECTIVE 
800+ kwh 0.038941 kwh NOV-MAY RATE .= 0.069576 $/kwh 
0 R Y ERR-AROUND 
80C + kwh 0.04094; kwh, JUN-OCT 
FUEL RATE ADJUSTMENT $0.01 6680/ kwh 
SERVICE CHARGE $2.60 
TAX 4.5% 
FUEL OIL 
$0.999/GjdL+ 4% TAX 
FORT WORTH, TEXAS 
'* 
GAS 
-
0-1 000 MCF $4.05/MCF 
1000-MCF $2.433/!;iF 
SERVICE CHARGE 0 
TAX 0 
ELECTRICITY 
0- 25 kwh $6.00 (MINIMUM) 
25+ kW h 0.0285/ kwh 
FUEL CHARGE $0.008899/ kwh 
SALES TAX 4% 
1000 kwh EFFECT1 VE RATE $0.0444/ kwh 
FUEL OIL 
NOT USED I N  FORT WORTH AREA 
MCF = 1000 CFM = 1 o6 BTU 
MADISON'. W I  
'' GAS 
-
0-2; THERMS $0.28732/THERM 
20-50 THERMS 0*27936/THERM 
50t  THERMS 0.26892/THERM 
ALSO FUEL RATE CHARGE 
TAX 
SERVICE CHARGE 
ELECTRICITY (RESIDENTIAL) 
ALSO FUEL RATE CHARGE (JAN) $0.00607/k~h 
TAX 0 
SERVICE CHARGE $2.00/MONTH 
1000 kwh EFFECTIVE RATE $0.04167/ kwh 
FUEL OIL 
-- 
TAX O FOR RESIDENTIAL 4% FOR COMMERCIAL 
WASHINGTON, DC 
" GAS 
-
$5,00/MO SERVICE CHARGE 
$0.3255/THERM + 5% TAX 
ELECTRIC ITY  l RES I D E N T I A L  RATES) 
$5.00/MO SERVICE CHARGE 
NOV - M Y  
WINTER RATES 
1 THERt4 =: 100,000 B tu  
JUNE - OCT 
SUMMCR RATES 
7- s- 
TAX 16% OF F I R S T  $15.00 ($2.40 MAX) 
FUEL CHARGE 0.01500 $/ kWh ( INCLUDED I N  ABOVE RATES) 
1000 kelr EFFECTIVE  RATE 0.OG75 $ 1  kWl~ YEAR-ROUND 
FUEL OIL 
d U.5. GOVt  RNML. NT f ' H I N l I N ( i  OFT ICL ll)LZO I,4Il ?41:!14 P.[ ( , ION NO. 4 
0-6  
